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The SET domain is an evolutionarily conserved domain found predominantly in histone methyltransferases
(HMTs). The Neurospora crassa genome includes nine SET domain genes (set-1 through set-9) in addition to
dim-5, which encodes a histone H3 lysine 9 HMT required for DNA methylation. We demonstrate that
Neurospora set-2 encodes a histone H3 lysine 36 (K36) methyltransferase and that it is essential for normal
growth and development. We used repeat induced point mutation to make a set-2 mutant (set-2RIP1) with
multiple nonsense mutations. Western analyses revealed that the mutant lacks SET-2 protein and K36
methylation. An amino-terminal fragment that includes the AWS, SET, and post-SET domains of SET-2 proved
sufficient for K36 HMT activity in vitro. Nucleosomes were better substrates than free histones. The set-2RIP1
mutant grows slowly, conidiates poorly, and is female sterile. Introducing the wild-type gene into the mutant
complemented the defects, confirming that they resulted from loss of set-2 function. We replaced the wild-type
histone H3 gene (hH3) with an allele producing a Lys to Leu substitution at position 36 and found that this
hH3K36L mutant phenocopied the set-2RIP1 mutant, confirming that the observed defects in growth and
development result from inability to methylate K36 of H3. Finally, we used chromatin immunoprecipitation to
demonstrate that actively transcribed genes in Neurospora crassa are enriched for H3 methylated at lysines 4
and 36. Taken together, our results suggest that methylation of K36 in Neurospora crassa is essential for normal
growth and development.
In eukaryotes DNA is wrapped around histones, which are
subject to a variety of covalent modifications (e.g., methylation,
acetylation, phosphorylation, and ubiquitylation) (51, 54).
These modifications are believed to alter chromatin structure
by influencing histone-DNA, histone-histone, and histone-non-
histone protein interactions (16, 55). Permutations of histone
modifications constitute a “histone code” that can impact chro-
matin-templated processes, including DNA methylation, het-
erochromatin formation, transcription, and DNA replication
and repair (18, 46). The SET [Su(var)3–9, Enhancer-of-zeste,
Trithorax] domain histone methyltransferases (HMTs) consti-
tute one group of evolutionarily conserved chromatin-modify-
ing proteins (10, 12, 19, 23, 24, 40, 45, 60). A well-characterized
example is the Neurospora crassa DIM-5 protein, which tri-
methylates lysine 9 of histone H3 and directs DNA methylation
(48, 49, 58, 59). In addition to DIM-5, the N. crassa genome
encodes nine other putative SET domain proteins (Fig. 1) (4).
Our interest in determining the function and specificities of
these putative methyltransferases prompted the current study.
While some histone methylation, such as methylation of
lysines 9 (K9) and 27 (K27) of histone H3, appears to be
associated with condensed chromatin, other histone methyla-
tions, including methylation of lysines 4 (K4), 36 (K36), and 79
(K79) of histone H3, are hallmarks of euchromatic regions (12,
24, 45). Methylation of K4 and K36 of histone H3 is believed
to be associated with transcription elongation (11, 13, 43).
Saccharomyces cerevisiae Set2p, the first characterized K36-
specific histone methyltransferase, preferentially associates
with the hyperphosphorylated (elongating) form of RNA poly-
merase II (47). Genetic, biochemical, and drug-based (6-azau-
racil) analyses have revealed a role for this enzyme in the
transcription elongation process (21, 27, 28). Curiously, this
function is apparently nonessential, and no striking phenotypes
have been reported for set2 mutants.
We identified an N. crassa homologue of Set2p and used
repeat induced point mutation (RIP) (42) to generate a null
allele of the set-2 gene. We show that SET-2 is a nucleosome-
selective K36-specific methyltransferase that methylates his-
tones associated with transcribed regions of active genes. Fur-
thermore, we find that methylation of this residue is essential
for normal growth and development in Neurospora crassa.
MATERIALS AND METHODS
Neurospora crassa strains and isolation of genomic DNA. Neurospora crassa
strains were grown, maintained, and crossed according to standard procedures
(6). Strains used in this study are listed in Table 1. For isolation of genomic
DNA, strains were grown with shaking in Vogel’s minimal medium N with
appropriate supplements at 32°C for 3 days. Genomic DNA for PCR and South-
ern analyses was isolated as previously described (29).
Generation of set-2RIP1. We used tBLASTn and BLASTp (1) to search the
N. crassa genome sequence (http://www-genome.wi.mit.edu/annotation/fungi
/neurospora/) with the S. cerevisiae SET2/YJL168C protein sequence (NCBI
protein accession number NP_012367) as bait, and found one potential homo-
logue, locus NCU00269.1 (58% similarity; BLASTp E-value  e108). The pre-
dicted coding region of this gene was amplified with primers SET2–5 and SET2-6
(Table 2). Fragments were digested with XbaI and PacI and inserted into XbaI-
and PacI-digested pMF272 (8) to yield pKA10. Plasmid pKA10 was linearized
with DraI and inserted at the his-3 locus of N1674 by gene replacement as
described (29).
Primary heterokaryotic His transformants were screened by Southern anal-
ysis to verify correct integration. Two transformants (N2971 and N2972) were
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crossed to N223 to derive homokaryotic duplication strains (N2947 and N2948),
which were crossed to induce RIP. Southern analysis of six slow-growing progeny
revealed polymorphisms caused by RIP. One of the mutants (N2949) was se-
lected for further study. The mutated endogenous set-2RIP1 allele was amplified
by PCR with primers SET2–7 and SET2–13, which recognize the flanks of the
endogenous set-2 outside of the duplication (Table 2). The set-2RIP1 allele of
N2949 was sequenced using primers SET2–5 through SET2–13 at the University
of Oregon Genomics and Proteomics Facility. The second copy of set-2 gene
(duplication at the his-3 locus) was removed by crossing N2949 with a his mutant
(N623) and screening the His progeny (lacking the duplication) for the set-2RIP1
allele by Southern analysis.
Complementation of set-2RIP1. Primers SET2–14 and SET2–15 were used to
amplify a 3.5-kb fragment that contains the promoter region (533 bp) and entire
set-2 open reading frame (3043 bp). As a control, primers SET2–14 and SET2–16
were used to amplify a 536 bp fragment with the promoter region and the first
codon. These fragments were digested with BamHI and EcoRI and cloned into
pHT13, a Flag tag vector derived from pBM61, which encodes ten glycines
followed by one Flag tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) (29). The result-
ing plasmids, pKA27 and pKA28, were linearized with DraI and inserted at the
his-3 locus of N2257 by gene replacement as described (9, 29). After Southern
analysis to confirm correct integration of transforming DNA, two His transfor-
mants (N2973 for pKA27 and N2974 for pKA28) were selected for further study
and crossed to the set-2RIP1 strain. Two representative His set-2RIP1 progeny
from these crosses were used for further study: N2962, which has a Flag-tagged
copy of set-2 at the his-3 locus, and N2961, which has only the promoter region,
the first codon, and a Flag tag at the his-3 locus.
Western blotting. Isolation of nuclei and Western blotting were performed
with 100 g of nuclear protein as described previously (49). The following
antibodies were used: anti-Set2 (made in rabbits by standard procedures using a
purified N-terminal fragment of budding yeast Set2p containing amino acids 1 to
261), anti-H3 (Abcam ab4441), anti-H3K4me2 (Upstate 07–030), anti-H3K9me3
(49), anti-H3K27me3 (33), anti-H3K36me1 (Abcam ab9048), anti-H3K36me2
(Upstate 07–274), anti-H3K36me3 (47), anti-H3K79me2 (Upstate 07–366), and
anti-H4K20me3 (Upstate 07–463). Histone modifications are represented ac-
cording to a new nomenclature for modified histones (50). All antibodies were
used at a dilution of 1:5,000. Antibody-peptide complexes were detected using
horseradish peroxidase-conjugated goat antibody against rabbit immunoglobulin
G and chemiluminescence (PIERCE).
Histone methyltransferase assays. A 1.1-kb fragment coding for the first 372
amino acids of N. crassa SET-2 was amplified from DNA pools of an N. crassa
conidial cDNA library (31) with primers SET2–20 and SET2–21, digested with
EcoRI and BamHI and cloned in EcoRI- and BamHI-digested pGEX-5X-3
(Stratagene). Overexpression of the glutathione S-transferase (GST)-tagged pro-
tein was achieved in Escherichia coli using standard methods. Lysates containing
tagged SET-2 proteins from uninduced or isopropylthiogalactopyranoside
(IPTG)-induced bacterial strains were used for in vitro histone methyltransferase
assays with either chicken core histones or oligonucleosomes as substrates and
FIG. 1. Domain organization of DIM-5 and other putative SET proteins of Neurospora crassa. Ten SET domain genes were identified in N.
crassa: dim-5 (NCU04402.2); set-1 (NCU01206.2); set-2 (NCU00269.2); set-3 (NCU01932.2); set-4 (NCU04389.2); set-5 (NCU06119.2); set-6
(NCU09495.2); set-7 (NCU07496.2); set-8 (NCU01973.2); and set-9 (NCU08733.2) (4). Domains, identified using SMART (26, 41), are abbreviated
as follows: AWS (Associated With SET, SM00570); SET (SM00317); pS (post-SET, SM00508); WW (SM00456), CC (coiled coil); PreSET
(SM00468); AT-hook (SM00384); PHD zinc finger (SM00249); JmjC (SM0058); RRM 1 (SM00360). The set-2RIP1 allele has predicted nonsense
codons (indicated by asterisks) at positions 173, 178, 395, 410, 446, 485, 491, 553, 562, 595, 615, 617, 621, 639, 685, 723, and 787, and amino acid
substitutions H235Y, S240L, H261Y, A365V, P378L, L393F, H416Y, R418W, L454F, R456C, T463I, H476Y, H479Y, L490F, T498I, T515I,
H527Y, S532L, T582I, H593Y, S610F, H635Y, S636F, T645I, H675Y, H684Y, L692F, H742Y, A750V, S768L, R775C, P788S, T861I, and P862L.
The sequence of set-2RIP1 is available at GenBank (accession number AY971375).
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TABLE 1. Neurospora crassa strains used in this study
Strain Genotype Reference
N1 (74-OR8-1) mat a FGSC 988
N39 mat A; fl FGSC 4317
N40 mat a; fl FGSC 4347
N150 (74-OR23-IV) mat A FGSC 2489
N623 mat A his-3; inl FGSC 6103
N1214 amRIP8 37
N1674 mat A his-3; lys-1 am132 inl; [(am/hph/am)ec42pJ12]RIP 15
N2257 ridRIP4 mat a his-3 9
N2264 his-3; dim-5 leu-2 pan-2 7
N2836 mat A his-3; mus-52::hph; inl This study
N2948 mat A his-3::Pccg-1–set-2–sgfp; inl This study
N2949 mat a his-3::Pccg-1–set-2–sgfp; set-2RIP1; inl This study
N2950 amRIP8; inl This study
N2951 set-2RIP1; amRIP8; inl This study
N2952 mat a; inl This study
N2953 mat a; inl This study
N2954 mat A; inl This study
N2955 mat A; inl This study
N2956 mat A; set-2RIP1; inl This study
N2957 mat A; set-2RIP1; inl This study
N2958 mat A; set-2RIP1; inl This study
N2959 mat A; set-2RIP1; inl This study
N2960 mat A; set-2RIP1; inl This study
N2961 his-3::P-Flag; set-2RIP1; inl This study
N2962 his-3::P-set-2-Flag; set-2RIP1; inl This study
N2970 mat A his-3; hH3K36L; mus-52::hph; inl This study
N2975 mat A his-3; hH3K36L; mus-52::hph; inl This study
N2971 [(mat A his-3::Pccg-1-set-2-sgfp; set-2RIP1; inl)  (mat A his-3::Pccg-1-set-2-sgfp; inl)] This study
N2972 [(mat A his-3::Pccg-1-set-2-sgfp; set-2RIP1; inl)  (mat A his-3::Pccg-1-set-2-sgfp; inl)] This study
N2973 mat A his-3::P-Flag; inl This study
N2974 mat A his-3::P-set-2-Flag; inl This study
TABLE 2. Primers used in this study
Primer Sequence
SET2–5 ..............................................................5-GCTCTAGATGGAGGACGGCCATCACTCACCG-3
SET2–6 ..............................................................5 CCTTAATTAAACGACTGACGGGCTCCTGTT 3
SET2–7 ..............................................................5 AGCGTGGCAGTTCGTCGCCTCCCAACCCTC 3
SET2–8 ..............................................................5 GTATAGGCGGTGATATGAACCATGCGTGCG 3
SET2–9 ..............................................................5 TTTCATTGGCGGCAAAACGCAAACAGAGCG 3
SET2–10 ............................................................5 CAAAACGATTGCTTCAGGAATGGAGCAAAT 3
SET2–11 ............................................................5 AAGGAGAAGTGGAGGTCTCTTCCGGTTGAG 3
SET2–12 ............................................................5 GACGTGGAGGATGAGGGCGAGAATACTCCT 3
SET2–13 ............................................................5 ATTAGACGTGCTGAGAATGATAACTCAGGA 3
SET2–14 ............................................................5 CGGAATTCAGCGTGGCAGTTCGTCGCCTCCAA 3
SET2–15 ............................................................5 CGGGATCCACGACTGACGGGCTCCTGTTGTGC 3
SET2–16 ............................................................5 CGGGATCCCATGGTGGATGCAGCAGCAGCTGG 3
SET2–20 ............................................................5 CGGAATTCGTACTCTTCATCGTCCTCGGTAGC 3












mtrBR ................................................................5 CATGATGGCGTTTGGGTC 3
mtrCF.................................................................5 CCGTACCCAGAGTCAAAC 3
mtrCR ................................................................5 CATGATGGTGCCAGTGAG 3
mtrDF ................................................................5 GGCACCATCACGGATAAC 3
mtrDR................................................................5 GACGGCACCAGTAACGGT 3
mtrEF.................................................................5 GTTTACGCTTTCGTCGGC 3
mtrER ................................................................5 GCAGAGCATGTTGAGGGC 3
mtrFF .................................................................5 TTCGTCATCGGCATGGGC 3
mtrFR.................................................................5 GCACTACCAATGCAGCAG 3
hH3AF ...............................................................5 CCCAATAAGTTCAAACCG 3
hH3AR ..............................................................5 TCCAGCCCAATTCCTCCG 3
hH3BF ...............................................................5 GGGAGTTGCAAATCAACC 3
hH3BR...............................................................5 CTGCTTAGTGCGGGCCAT 3
hH3CF ...............................................................5 ATGGCCCGCACTAAGCAG 3
hH3CR...............................................................5 TCCTGGGCAATCTCACGG 3
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analyzed by filter binding, fluorography and Western blotting as described pre-
viously (47).
Histone H3 replacements. We adapted a general knockout strategy (H. V.
Colot, G. Park, C. Ringelberg, S. Curilla, C. Crew, K. A. Borkovich, and J. C.
Dunlap, personal communication) to replace the endogenous histone H3 gene
with the K36L allele, as outlined in Fig. 5B. A plasmid containing the hH3K36L
mutation (pKA37) was constructed as follows. Cosmid SV 31:9G (53) was used
as template with primers 1496 and 1505 to amplify a downstream 1kb fragment
of the histone H3 gene. Plasmid pEB22 containing the H3 coding region with the
K36L mutation was used with primers 1586 and 1503 to amplify an upstream
2-kb fragment. The inl (myoinositol-1-phosphate synthase) plasmid pOKE1 was
used as template with primers 1497 and 1498 to amplify a 2.6-kb fragment
containing the wild-type inl gene. These three PCR products were mixed with
BamHI and EcoRI linearized pRS416, and transformed into yeast strain
PJ49-6A (17). Plasmid DNA was isolated from ura colonies and transformed
into E. coli strain DH5F. Plasmid pKA37 was isolated from one of these
transformants and the hH3K36L gene was sequenced with primers 1219 and 1220
to confirm the K36L mutation. Plasmid pKA37 was digested with BamHI and
EcoRI and the 5.7-kb hH3K36L-inl fragment was purified and transformed into a
mus-52 strain (N2836) by electroporation (29). Three of ten Inl transformants
analyzed by Southern analysis were slow growing and appeared to have the
correct hH3K36L replacements. Two transformants (N2970 and N2975) were
used for further study.
Chromatin immunoprecipitation. Chromatin immunoprecipitation experi-
ments were performed with wild-type (N150) germinating conidia as previously
described (49) with minor modifications of the lysis buffer [50 mM HEPES-
KOH, pH 7.5; 10 mM MgCl2; 150 mM KCl; 1 mM EDTA; 10% glycerol; 0.1%
NP-40; 1 mM dithiothreitol; 1 mM phenylmethylsulfonyl fluoride; 1 mM Tricho-
statin A; 100 mM sodium butyrate; Complete Mini (Roche number 1836153) and
0.1% phosphatase inhibitor cocktail (Sigma P2850)] and immunoprecipitation
wash buffer [25 mM HEPES-KOH, pH 7.5; 12.5 mM MgCl2; 10 mM EDTA; 10%
glycerol; 0.1% NP-40; 1 mM dithiothreitol; 1 mM phenylmethylsulfonyl fluoride;
1 mM Trichostatin A; 100 mM sodium butyrate; Complete Mini (Roche number
1836153) and 0.1% phosphatase inhibitor cocktail (Sigma P2850)]. Antibodies
used for immunoprecipitation were anti-H3K9me3 (49) and anti-H3K36me3
(47).
RESULTS
SET-2 is essential for normal development in Neurospora
crassa. We performed tBLASTn and BLASTp searches of the
N. crassa genome sequence with a consensus SET domain
(SM00317) as bait and found nine genes coding for putative
SET proteins in addition to dim-5 (Fig. 1) (4). The set-2
(NCU00269.1) gene is located to the right of ro-2
(NCU00257.1) on LG IIIR (34). The 3,043-bp SET-2 open
reading frame predicts a 954-amino-acid protein with a domain
structure similar to that of S. cerevisiae Set2p, including the
AWS (Associated With SET), SET, and post-SET domains
(Fig. 1). The computer program PSORT (30) suggests that the
protein would be nuclear (k  83%).
To test the function of N. crassa SET-2, we took advantage
of RIP, a genome defense mechanism that detects duplicated
DNA sequences during the sexual phase, generates numerous
polarized transition mutations (C3T) and usually results in
methylation of the mutated DNA sequences (42). We placed a
second copy of the set-2 gene at the his-3 locus, crossed this
duplication strain and screened progeny by Southern hybrid-
ization to identify restriction fragment length polymorphisms
resulting from RIP. Six mutant alleles were identified and one,
set-2RIP1, was used for most of the subsequent experiments.
This allele was expected to be nonfunctional because it con-
tains a large number of mutations that would cause premature
stops during translation and because it has many nonconser-
vative changes throughout the predicted protein (Fig. 1).
We noticed several phenotypic defects in the mutants. All six
FIG. 2. SET-2 is essential for normal development in Neurospora
crassa. (A) Poor conidiation in set-2RIP1 and complementation of mu-
tation. The wild type (1; N2952), a set-2RIP1 strain (2; N2958), a set-
2RIP1 derivative in which the mutation was complemented by a C-
terminal Flag-tagged version of set-2 incorporated at the his-3 locus
(3; N2962), and a set-2RIP1 strain that has only a Flag tag at the his-3
locus (4; N2961) were grown at 32°C for 6 days on solid Vogel’s
medium N with 1.5% sucrose and supplemented with 0.2 mg/ml ala-
nine and 0.05 mg/ml inositol. (B) The set-2RIP1 mutant is female sterile.
Reciprocal crosses between the wild type (N1) and a set-2RIP1 strain
(N2956) were accomplished using solid synthetic crossing medium with
0.1% sucrose as the carbon source and supplemented with 0.05 mg/ml
inositol. The male parent was inoculated 4 days after the female par-
ent. Photographs were taken after 18 and 58 days at 25°C. (C) Reduced
and variable growth of set-2RIP1 strains. Linear growth at 32°C of
wild-type (N150, N623, N2952, N2953, N2954, and N2955) and set-
2RIP1 (N2949, N2956, N2957, N2958, N2959, and N2960) strains on the
medium described in A were measured in race tubes (6, 38). Each
value is an average of measurements from two tubes.
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grew slowly, and though they produced abundant aerial hy-
phae, they conidiated sparsely (Fig. 2A). Microscopic exami-
nation revealed that most aerial hyphae lacked the constric-
tions and budding observed in the wild type (data not shown).
Crosses between wild-type and set-2RIP1 strains were infertile
when the mutant was used as the female parent (Fig. 2B).
Mutant progeny recovered from crosses in which the set-2RIP1
strain was the male parent showed reduced and variable
growth rates compared to their wild-type siblings (Fig. 2C).
These observations suggested that SET-2 is required for nor-
mal vegetative growth and sexual development in N. crassa.
To verify that loss of SET-2 was responsible for the pheno-
types, we reintroduced a functional copy of set-2 at the his-3
locus (Fig. 3A). Full complementation was observed; the com-
plemented strain produced abundant conidia and was female
fertile (Fig. 2A and data not shown).
Characterization of SET-2. We used an antibody developed
against S. cerevisiae Set2p (see Materials and Methods) to look
for cross-reacting proteins in N. crassa strains. The antibody
recognizes the N terminus of S. cerevisiae Set2p (data not
shown), which is highly conserved. We detected a protein of
the expected size (106 kDa) in extracts from the wild type but
not set-2RIP1 strains (Fig. 3A), consistent with our expectation
that set-2RIP1 is a null allele and that Neurospora crassa lacks
additional closely related proteins. The putative SET-2 protein
was observed in the set-2RIP1 strain harboring a wild-type allele
inserted at the his-3 locus (Fig. 3A).
As a first step to determine the specificity of SET-2, we
analyzed histones from wild-type N. crassa with histone mod-
ification-specific antibodies. We found that lysines at positions
4, 27, 36, and 79 in histone H3 and at position 20 of histone H4
are methylated (Fig. 3). This is the first documentation of
histone methylation in Neurospora crassa aside from that re-
ported on lysines 4 and 9 of histone H3 (49). All three possible
methylation states of K36, i.e., mono-, di-, and trimethylation,
were detected in the wild-type strain (Fig. 3A and B). Meth-
ylation of K36 was specifically and completely lost in the set-
2RIP1 mutant and was regained when the mutation was com-
plemented (Fig. 3A and B). We conclude that the set-2 gene
encodes a histone methyltransferase (HMT) responsible for all
detectable K36 methylation in Neurospora crassa.
Absence of SET-2 did not noticeably impact methylation of
residues other than K36 of histone H3 and did not affect DNA
methylation (Fig. 3 and data not shown). Methylation of lysine
residues 4, 9, 27, and 79 of H3 and lysine 20 of H4 were
unaffected in set-2RIP1 (Fig. 3). Conversely, the dim-5 mutant,
which lacks K9 methylation (49), showed normal levels of K36
methylation (Fig. 3C).
In order to further explore the enzymatic specificity of
SET-2, we cloned a cDNA fragment coding for the first 372
FIG. 3. set-2RIP1 mutant lacks SET-2 and H3 lysine 36 methylation. (A) Complementation of set-2RIP1. Western blot analyses were performed
using crude nuclear protein from the wild-type (N150), a set-2RIP1 strain (N2956), and a set-2RIP1 strain that has been complemented with a
Flag-tagged set-2 at the his-3 locus (N2962). (B) Wild-type N. crassa has mono-, di-, and trimethyl-lysine 36. Western analysis of wild-type (N150)
and set-2RIP1 (N2956) strains. (C) The dim-5 mutant has normal levels of lysine 36 methylation. Western analysis of nuclear proteins from wild-type
(N150) and dim-5 (N2264) strains.
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amino acids (includes the AWS, SET, and post-SET domains)
to generate a GST-tagged fusion protein and used this recom-
binant protein for in vitro studies. We found that the recom-
binant protein specifically methylated histone H3 at lysine 36
(Fig. 4). Although the recombinant protein was active on pu-
rified histones, it was significantly more active on nucleosomes,
consistent with previous observation that the budding yeast
Set2p is a nucleosome-selective HMT (Fig. 4) (47).
Mutation of K36 in histone H3 phenocopies the set-2RIP1
mutant. It was formally possible that the phenotypes of the
set-2RIP1 mutant might result from the effects of SET-2 on
nonhistone proteins. To investigate this possibility, we took
advantage of the recent finding that mus-52 mutants of Neu-
rospora crassa preferentially integrate transforming DNA by
homologous recombination (32), which makes gene replace-
ments practical in this organism. We therefore replaced the
single endogenous histone H3 gene with an allele harboring a
lysine to leucine substitution at position 36 [hH3K36L], as de-
scribed in Materials and Methods. Replacement of wild-type
hH3 with hH3K36L was confirmed by Southern analysis (Fig.
5C). The hH3K36L mutant displayed slow growth and poor
conidiation (Fig. 5D and 5E). It was also female sterile (data
not shown).
In an attempt to obtain homokaryotic mutants, two trans-
formants (N2970 and N2975) were crossed to a strain harbor-
ing a wild-type copy of histone H3 at the his-3 locus. We were
unable to segregate the hH3K36L mutation at the endogenous
locus from the wild-type copy at the his-3 locus suggesting that
this residue is essential (data not shown). These observations
argue that K36 of histone H3 is indeed the substrate of SET-2
that is critical for the normal growth and development of the
fungus.
Chromatin associated with actively transcribed genes is en-
riched for methylated K4 and K36 in histone H3. To investi-
gate whether the distribution of K36 methylation on Neuro-
spora crassa genes is similar to that reported for yeast (21), we
performed chromatin immunoprecipitation assays on two ac-
tively transcribed genes, hH3 and mtr (methyltryptophan resis-
tant) (34). We used antibodies specific for trimethyl-K36 and
dimethyl-K4 (control) and primers designed to amplify 200- to
400-bp fragments in the upstream and coding regions of these
genes (Fig. 6A and 6D). Unlike trimethylation of H3 K9, which
is known to be enriched in genomic regions where DNA is
methylated, K4 methylation is enriched in regions lacking
DNA methylation (49). With both genes, we observed at least
a twofold enrichment of both K4 and K36 methylation in the
coding regions of these genes relative to their upstream regions
(Fig. 6, region a). These findings suggest K4 and K36 methy-
lations are enriched in actively transcribed regions.
DISCUSSION
In addition to DIM-5, a K9 HMT (48), N. crassa is predicted
to have nine SET domain proteins (Fig. 1) (4). We showed that
lysines at positions 4, 27, 36, and 79 of histone H3 and position
20 of histone H4 are also methylated and identified the gene
(set-2) and corresponding protein (SET-2) responsible for all
methylation of K36, including mono-, di-, and trimethylation.
We generated a null allele of the gene, set-2RIP1, and found
that strains with this allele are slow growing, conidiate sparsely,
FIG. 4. SET-2 preferentially methylates H3 in nucleosomes.
(A) Lysates containing SET-2 from uninduced (U-SET-2) or IPTG-
induced (I-SET-2) bacterial expression strains were used in HMT
assays with chicken core histones or oligonucleosomes as substrates
and 3H-labeled S-adenosyl-methionine (3H AdoMet). 3H incorpora-
tion was analyzed by the filter-binding assay (47). (B) Reaction prod-
ucts from HMT assays containing recombinant SET-2 from uninduced
(U-SET-2) or IPTG-induced (I-SET-2) bacterial lysates, with chicken
core histones or oligonucleosomes as substrates and 3H-labeled S-
adenosyl-methionine were resolved on a sodium dodecyl sulfate–15%
polyacrylamide gel electrophoresis gel and examined by Coomassie
staining (lower panel) and fluorography (upper panel). Asterisks indi-
cate partial H3 breakdown product. (C) Reaction products from HMT
assays containing recombinant SET-2 from uninduced (U-SET-2) or
IPTG-induced (I-SET-2) bacterial lysates, with oligonucleosomes as
substrates and AdoMet, were resolved on a sodium dodecyl sulfate–
15% polyacrylamide gel electrophoresis gel and examined by Coomas-
sie staining (lower panel) and Western blotting (upper panel).
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are female sterile, and show loss of methylation at K36. Meth-
ylation of lysines 4, 9, 27, and 79 in histone H3 and lysine 20 of
histone H4 was unaffected by the set-2 mutation. Introduction
of a wild-type allele into the set-2RIP1 strain rescued all mutant
phenotypes. A recombinant protein consisting of the first 372
amino acids of SET-2, including the AWS, SET, and post-SET
domains, was capable of methylating K36 in vitro, and pre-
ferred nucleosome substrates over free histones. We also re-
placed the single endogenous histone H3 gene with an allele
coding for H3 with a K36L substitution and found that this
mutation mimics the phenotypes of the set-2RIP1 mutant. Fi-
nally, we showed that the coding regions of actively transcribed
genes are enriched in H3 methylated at K4 and K36.
The observation that set-2RIP1 strains produce sparse
conidia, grow slowly, and are female sterile suggests that meth-
ylation of K36 is required for the normal expression of genes
involved in asexual and sexual differentiation pathways. Dif-
ferentiation of vegetative hyphae into conidiophores and for-
FIG. 5. hH3K36L allele confers phenotypes similar to the set-2RIP1 mutation. (A) Sequence of histone H3 amino-terminal tail. Lysines that are
methylated are indicated in bold. (B) Strategy used for replacement of wild-type hH3 with hH3K36L. (C) Southern analysis to confirm replacement.
DNA isolated from wild-type hH3 (N2836) and hH3K36L (N2970) was digested with HindIII. The blot was probed with a fragment indicated in B.
The single 5.1-kb band indicates that the wild-type hH3 gene in N2836 was replaced by the mutated hH3K36L::inl allele. (D and E) Poor growth
and conidiation of the hH3K36L strain. Wild-type (N150) and hH3K36L (N2970) strains were grown as described for Fig. 2. Linear growth of the wild
type (N150: square) and two hH3K36L transformants (N2970 [triangles] and N2975 [circles]) were measured at 32°C in growth tubes.
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mation of conidia requires numerous genes in N. crassa, in-
cluding the regulatory genes fl (encodes a binuclear zinc cluster
protein that is similar to the Gal4 class of transcription factors)
and rco-1 (a homolog of S. cerevisiae Tup1) (4). Strains with
mutations in fl are aconidial, while rco-1 strains are defective in
maturation of conidia, grow abnormally slowly, and are female
sterile (2, 57). The switch from vegetative growth and conidia-
tion to sexual development is complex and is thought to involve
a number of components in addition to the mating type genes
(4, 35). While the variable growth rates of set-2RIP1 siblings are
reminiscent of the situation with N. crassa dim-5 and hpo
mutants (7, 48), no mechanistic link is obvious.
The C terminus of Neurospora crassa SET-2 includes a WW
domain (44), as well as a recently described phosphorylated
FIG. 6. H3 lysine 36 methylation is enriched in coding regions of actively transcribed genes. Chromatin immunoprecipitation analysis of regions
across the mtr and hH3 genes. (A) Primers (Table 2) were designed to amplify 300-bp (a) or 400-bp (b, c, d, e, and f) fragments across a 2.4-kb
region of the mtr gene. (B) PCRs were carried out to amplify region a with either b, c, d, e, or f. Samples are total input (1), no antibody (2),
anti-H3K4me2 (3), and anti-H3K36me3 (4). (C) Relative enrichment of H3K4me2 and H3K36me3 at different regions across mtr. Relative
enrichment values were calculated by dividing the ratio of band intensity for immunoprecipitated DNA/a region with ratio of intensities for total
input/a region. Signal intensities are averages of PCRs from two independent chromatin immunoprecipitation experiments. All enrichments are
standardized to that of region a. (D) Primers (Table 2) were designed to amplify 200-bp (a) or 300-bp (b and c) fragments across a 1.5-kb region
of the hH3 gene. (E) PCRs were carried out to amplify region a with either b or c. (F) Relative enrichment of H3K4me2 and H3K36me3 at different
regions across hH3.
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C-terminal domain (CTD)-interacting domain (SRI domain)
that has been shown to mediate the interaction of Set2p to
RNA polymerase II during transcription elongation in budding
yeast (20). The S. cerevisiae set2 mutant shows growth alter-
ations in the presence of 6-azauracil, suggesting that it has
defects in transcription elongation (21, 27, 28). Curiously,
when Set2p is tagged with the LexA DNA binding domain and
transformed into yeast cells along with a CYC1-lexAop-lacZ
construct, it reduces 	-galactosidase activity, which suggests
that it can also function as a transcriptional repressor (47).
Chromatin immunoprecipitation experiments revealed that
K36 methylation and Set2p itself associate with the coding
region of genes (21, 39, 56). In chicken, high levels of di- and
trimethylated K36 are found in active genes compared to in-
active genes (3). In Schizosaccharomyces pombe, deletion of
the set2 gene results in a loss of K36 methylation and slow
growth under low nutrient conditions (Morris et al., accompa-
nying paper [29a]). SpSET2 also associates with the hyperphos-
phorylated form of polymerase II and K36 methylation is as-
sociated with the transcribed regions of polymerase II-
regulated genes (Morris et al., accompanying paper), as in
budding yeast, chicken, and Neurospora crassa.
The presence of mono-, di-, and trimethyl-K36 in wild-type
Neurospora crassa and their absence in the set-2RIP1 mutant
indicates that SET-2 can add up to three methyl groups on
lysine 36. It has been proposed that the ability to add three
methyl groups to substrate lysines is a characteristic of many
histone methyltransferases that contain a specific conserved
phenylalanine in the SET domain (5). SET-2 includes this
residue at position 296 (NCBI protein accession number
EAA28504) (5).
Our observation that replacement of wild-type histone H3
with an allele with a substitution at residue 36, hH3K36L, af-
fected vegetative growth, sporulation, and sexual development,
like mutation of set-2, demonstrated that histone H3 is the
critical target of SET-2. Although similar phenotypes have not
been observed in yeasts, it is interesting that replacement of
K36 with an arginine in S. cerevisiae reduces repression of the
UAS gal4::cat reporter, which was also observed when SET2
was deleted (25). In Caenorhabditis elegans, mutants for the
Tousled-like kinase (TLK-1) are arrested in development at
the 100-cell stage, remain undifferentiated, and have reduced
levels of phosphorylated RNA polymerase II (serine 2) and
K36 methylation (14). In mice, it has been proposed that the
methylation of H3-K36 and H4-K20 by the Nuclear receptor-
binding SET Domain-containing protein (NSD1) is essential
for early postimplantation development (36). Mutations in this
gene cause the Soto’s syndrome in humans, a disorder charac-
terized by overgrowth of neural tissues, heart defects, ad-
vanced bone age, developmental delays, and increased risk of
cancers (22, 52). In metazoans, active genes contain higher
levels of di- and trimethylated K36 compared to inactive genes
(3). Taken together, these studies suggest that methylation of
K36 of histone H3 is an evolutionarily conserved modification
essential for normal growth and development in eukaryotes.
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